Abstract-Outdoor radio propagation experiments are presented at 2.4 GHz, using a handset MIMO antenna with two monopoles and two planar inverted-F antennas (PIFAs), adjacent to a human phantom in browsing stance. The propagation test was performed in an urban area of a city, which resulted in non lineof-sight (NLOS) situations. In our investigation, the 4-by-4 MIMO and SISO channel capacities for the reception signals were evaluated. These measurements show that the handset MIMO antenna, close to the human operator, is capable of MIMO reception.
INTRODUCTION
There have been various investigations into MIMO antenna arrays for application in the handsets used in mobile communications [1] - [4] . Previous studies have shown that MIMO antenna arrays are capable of increasing channel capacities in a multi-path environment in both line-of-sight (LOS) and non line-of-sight (NLOS) cases. However, almost all the investigations have been carried out using calculations and measurements in an anechoic chamber or a simple room [1] - [3] . In reference [5] , the MIMO reception characteristics in an urban area in Japan have been examined. However, the array used for the MIMO receiving antenna was only a dipole. Thus, there has been little work to investigate MIMO performance of a mobile handset in realistic situations, with a human operator [4] . In reference [4] , however, the investigations were carried out in an outdoor-to-indoor environment and limited to 3-by-4 MIMO. Furthermore, three distributed transmitters with single antennas surrounded the handset. This paper reports on the performance of a MIMO antenna for a cellular phone, with a human operator. Outdoor radio propagation experiments, using a handset MIMO antenna at 2. 4 GHz with a human phantom, were performed in an urban area of a city, resulting in non line-of-sight (NLOS) situations. The handset MIMO antenna consisted of two monopoles and two planar inverted-F antennas (PIFAs), thus permitting the examination of 8-by-4 MIMO reception characteristics. The channel capacity of the MIMO propagation channel was evaluated. The measurements show that the handset MIMO antenna, close to a phantom, provides good MIMO reception. Fig. 1 illustrates the outdoor MIMO propagation test. In the experiment, the handset MIMO antenna, held by a human phantom, was moved on a car trailer. The MIMO channels were collected by a channel sounder [6] , [7] inside the car. The sample separation was approximately 1.7 cm, corresponding to 0.14 wavelengths. The handset MIMO was 1.52 m in height from the ground. The antenna array for the base station was mounted on an elevator to be positioned at height of 14.5 m. The array for the base station consisted of eight elements, located linearly. This array was divided into two sub-arrays. Each sub-array had four elements with an element spacing of either one or two wavelengths. In this paper, propagation characteristics of the sub-array with spacing with two wavelengths were evaluated. Spacing between the elements was two wavelengths at 2.4 GHz. Each antenna element had a peak gain of 16.5 dBi and half-power beam-width of 6 degrees in the vertical plane and 85 degrees in the horizontal plane. A vertically polarized wave at 2.4 GHz was transmitted with a power of 34 dBm from each element. Fig. 4(a) shows the human phantom [8] . The phantom simulated a human operator in a browsing stance, to use the Internet, E-mail, games, etc. The dimensions of the phantom were based on a a standard Japanese adult man. In the outdoor experiment, the handset was held in the right hand of the phantom. The distance, D, between the handset and the chest of the phantom was set at 20 cm, and the handset was inclined at angle of 40 degrees from the vertical. Fig. 4(b) shows the handset in free space. This handset was also inclined at angle of 40 degrees from the vertical.
II. EXPERIMENTAL SETUP
Figs. 5 and 6 show the three-dimensional radiation patterns of the handset MIMO antenna, adjacent to the phantom. In this paper, only the radiation patterns for the monopole 1 and the PIFA 1 are depicted in Figs. 5 and 6, respectively. It may be seen from Figs. 5 and 6 that each antenna radiates strongly in the right hand region of the figures, because the phantom acts as a reflector and both the monopole and PIFA can emit both the theta and phi components. Table 1 
IV. OUTDOOR MIMO PROPAGATION EXPERIMENT
For this paper, we evaluated the results along the route labeled II. Fig. 7 provides a plot of the variations of the average channel gains of a dipole with a vertical polarization and a slot dipole with a horizontal polarization in free space, when a signal was radiated from only one of the base station antennas Tx1. In this investigation, the data was averaged over 100 samples. Both of the antennas exhibit omni-directional radiation patterns in the horizontal plane. From Fig. 7 , the cross polarization discrimination (XPD) of the test site was 9.3 dB. Fig. 8 shows the cumulative distributions of the channel gains of the dipole and slot dipole. Fig. 8 indicates that the channel gains of each antenna were in good agreement with the Rayleigh distribution. Fig. 9 shows the variations of the average channel gains for the handset MIMO with the phantom. Fig. 10 shows the cumulative distributions of the channel gains, where the mean values, normalized to the free-space dipole data, are listed in Table 2 . It is observed from Figs. 9 and 10 that the variations of the channel gains follow the Rayleigh distribution. This indicates that, although the antennas have strong radiations in front of the phantom, a multipath environment needed for a good MIMO performance, was obtained. Furthermore, it is found from Table 2 that the differences in the mean channel gains of the same receiving antenna for different transmitters are small, and that the mean channel gains of the PIFA 2 are the smallest, as also is the radiation efficiency. Mean values of the channel gains of the handset MIMO in free space are listed in Table 3 . It is found from Tables 2 and 3 that the channel gains in free space are smaller than those with the phantom. Most of the significant path occurs in the front and back of the phantom, since the route II acts as a waveguide between the buildings. Consequently, the handset close to the phantom, with a strong directivity in front of the Table 4 indicates the fading correlations between the received signals of each antenna pair, when only Tx1 radiated a signal. It is observed from Table 4 that the MIMO antenna exhibits low correlations, from 0.2 to 0.6. These low correlations suggest that a good MIMO reception performance might be provided, even though the handset was held by the phantom. Furthermore, the fading correlations in free space are listed in Table 5 . It is found from Tables 4 and 5 that the phantom does not degrade the correlations of the MIMO array. Fig . 11 shows the cumulative distributions of the eigenvalues of the handset MIMO with the phantom, calculated from the channel gains. From Fig. 11 , the difference between the first and forth eigenvalues is somewhat small. It can thus be predicted that the MIMO reception can be utilized when the MIMO array is held by the phantom. Fig. 13 . In the calculation, the SNR was normalized to the SNR of a dipole in free space. The SNR of the dipole was set at 15 dB. The mean values of the channel capacities with the phantom are summarized in Table 6 . From Figs. 12 and 13, and Table 6 , the MIMO channel capacity of the handset achieves a factor of four more than the SISO capacity. This indicates that a good MIMO performance of the handset MIMO could be successfully obtained when the handset was held by the phantom.
Fig. 14 provides comparison between the cumulative distributions of the channel capacities of the MIMO including the phantom and in free space. The average channel capacity of the MIMO in free space is listed in Table 6 . As can be seen from Fig. 14 and Table 6 , there is little difference between the channel capacities of the MIMO in the two cases. We conclude from the outdoor MIMO radio propagation test in the urban NLOS situation that handset MIMO antennas, close to a human operator in the browsing stance can provide good MIMO reception characteristics, and no capacity reduction due to the phantom was found. Outdoor radio propagation experiments with a Handset MIMO antenna at 2.4 GHz, with a human phantom in browsing stance, were performed in an urban area of a city, resulting in non line-of-sight (NLOS) situations. The channel capacity characteristics of a 4-by-4 MIMO propagation channel were evaluated. These measurements show that the handset MIMO antenna close to the phantom is capable of good MIMO reception.
We have also examined MIMO characteristics of four other handsets with the other two types of phantom. Comparisons of other combinations of handsets and phantoms will be made in future.
